ABSTRACT
I would like to report here the formation of cationic 2-amino-6,7-dimethyl4-hydroxy-5,6,7,8-tetrahydropteridine (1) radicals in alcoholic solution. The same cationic radicals were generated either with oxidizing agents like hydrogen peroxide and iodine, or in a Krasnovsky-type chlorophyll photoredox system (1) . Of particular interest are the latter reaction conditions and the line shape of the electron paramagnetic resonance (epr) signals, because the photoinduced epr signal II in plants exhibits characteristics similar to those observed with the cationic radical of compound 1. Photoinduced epr signals have been detected in all photosynthetic systems and are believed to indicate that a single electron transfer is involved in the production of a primary photochemical reductant. The signals found in green plants can generally be resolved into 2 photoinduced signals (2) . The broader of the 2 signals is referred to as signal II. Its g value is typical of an organic radical and has been attributed to a semiquinone (3) . The response of signal II to light has been established and it was shown that signal II rises after irradiation within fractions of a second, whereas its initial decay in the dark occurs within seconds. The origin of the signal, however, has not yet been elucidated. Recent work dealing with inhibitor and difference spectra studies strongly indicates that a hydrogenated 2-amino-4-hydroxy-pteridine, substituted in position 6, might be the primary photochemical electron acceptor in photosynthesis (4, 5) .
For physicochemical reasons, the primary electron acceptor should have a potential below that of ferredoxin. Polarographic studies indicated that 6-substituted, hydrogenated, 2-amino-4-hydroxypteridines indeed have potentials in the range of -0.6 to -0.7 V (6). In addition, if a pteridine redox system is involved in the photochemical act, stable semiquinones formed by single-electron steps should exist. In preceding papers (7, 8) I showed by epr measurements the existence of single-electron steps during the oxidation of 2- amino-4-hydroxy-5,6,7,8-tetrahydropteridine (2) and the presence of cationic radicals of 2 in a strongly acidic medium. A strongly localized free spin on the nitrogen in position 5 was revealed, and reconstruction of the spectrum was possible when an interaction of the free spin with one nitrogen atom and three hydrogen atoms was taken into account.
RESULTS
I have now found that radicals are also formed during the oxidation of 1 in alcoholic solution. The same method as previously described for 2 (9) has been used for the preparation and stabilization of 1 as its dihydrochloride salt. A typical epr spectrum taken during the oxidation of 2.6 /hmol of 1 (dihydrochloride) with 0.5 jumol of iodine in ethanol is illustrated in Fig. 1 . If the radicals are generated with hydrogen peroxide, a similar spectrum is observed with, however, 5 better-resolved main lines. The occurrence of only 5 main lines for the cationic 1 radical, as compared to 6 main lines for the cationic 2 radical, was expected from previous work (8) and is further confirmation that cationic 5,6,7,8-tetrahydrogenated 2-amino4-hydroxy-pteridine radicals, with or without unconjugated substituents in position 6 and/or 7, have a strongly localized free spin on the nitrogen in position 5.
The spin distribution of these cationic radicals is also in agreement with previously performed Huckel molecular orbital calculations (10) . In addition, theoretical considerations indicate that an unconjugated substituent in position 7 would not change significantly the main hyperfine splitting of cationic 2 radicals, whereas the replacement of a hydrogen in position 6 with an unconjugated substituent will decrease the number of main hyperfine lines of the epr spectrum from 6 to 5 lines. Thus, cationic radicals from 6-substituted 2 molecules should give rise to epr spectra similar to the one shown in Fig.  1 . If 6-substituted 2 molecules are involved in the primary photochemical electron-acceptor process, and if cationic semiquinone radicals are formed, an epr signal should be produced with a peak-to-peak width of about 20 G and consisting of 5 main lines. The photoinduced epr signal II in plants has a g value between 2.004 and 2.005, a peak-to-peak width between 17-21 G, and a main hyperfine structure consisting of 5 lines (3).
It became obvious to investigate if deoxygenated chlorophyll a solutions containing hydrogenated 2-amino-4-hydroxypteridines would form free-radical species under illumination. Previous work in other laboratories has shown that chlorophyll can sensitize the one-electron photoreduction of quinones in solution (11) , the photooxidation of hydroquinones in solution (12) , or photooxidation processes (13) . In order to examine possible electron transfer processes in illuminated chlorophyll-hydrogenated 2-amino-4-hydroxypteridine solutions, I have performed a series of epr and optical studies.
Chlorophyll a was obtained from Fluka AG and was used without further purification. Due to the acid lability of chlorophyll a, the dihydrochloride of 1 was neutralized; the presence of neutral 1 in alcoholic solution was checked spectroscopically. The existence of 2-amino-7,8-dihydro-4-hydroxypteridine or of quinoidic dihydro 2-amino4-hydroxy-pteridine in their neutral form in alcoholic solution was also established spectroscopically by means of previously determined data (14) . All the chlorophyll a-hydrogenated 2-amino-4-hydroxypteridine solutions were deoxygenated carefully. The light source was a 500-W tungsten-filament lamp; its light beam was passed through a water bath (5-cm thick) and a Corning glass filter 3-66 (3480), and finally focused into the optical transmission cavity of the epr spectrometer. A Varian E4 spectrometer at X-band with 100 kHz field modulation was used. Observations were made at ambient temperature. The g-value of the signals was measured by comparison with a chromium sample, which was present as needed in the cavity. In order to estimate the absolute number of spins, a calibration with known quantities of the extremely stable 4-hydroxy-2,2,6,6,-tetramethyl piperidine nitroxide radical in alcoholic solution was performed.
A typical light-induced signal of a solution containing 0.03
Mmol of chlorophyll a, 0.9 jumol of 1, 0.9 Mmol of quinoidic dihydrogenated 2-amino-6,7-dimethyl-4-hydroxy-pteridine, 1.8
Amol of NaCl, and 2.5 jumol of pyridine in ethanol is shown in Fig. 2a . Signal a is formed immediately upon illumination of the cavity. A rapid initial decay (seconds) is observed when the light is turned off. The complete decay takes longer and, after only a few minutes, no signal (Fig. 2b) is seen. If the light is turned back on, the epr signal reappears. The g value of the light-induced signal is 2.0040 + 0.0005, the peak-topeak width is approximately 20-22 G, and a main hyperfine structure is revealed with a modulation amplitude of 1 G. The signal intensity is approximately 1 spin for 30-100 chlorophyll a molecules. It is quite evident that no significant differences exist between the spectra of Figs. 1 and 2a and, therefore, I conclude that the light-induced signal is due to cationic 1 radicals. The existence of cationic radicals in the solvent system used for the illumination studies is still probable in view of the great basicity of the nitrogen in position 5. It was only possible to generate the light-induced cationic radical in the Krasnovsky-type solvent system containing both the quinoidic dihydrogenated and the tetrahydrogenated 2-amino-4-hydroxy-pteridine. Since electronically excited chlorophyll a is an oxidant (12) as well as a reductant (11), it is not possible to assign the direction of the electron transfer that leads to the formation of semiquinones. More work is underway in this laboratory to elucidate this point. It is worth noting that light-induced epr signals can be detected with 1 in a solution containing no excess of acid. Cationic 2 (8) or cationic 1 radicals (Fig. 1) formed by oxidizing chemicals have a life time long enough to be detected by epr measurements without the use of a liquid-flow mixing chamber only if the solvent system contains some acid. Thus, in the case of the light-induced cationic 1 radical, other factors contribute to its apparent stabilization. Full experimental details about the characterization of the newly described radicals and of the quinoidic dihydrogenated 2-amino-6,7-dimethyl-4-hydroxy-pteridine will be published elsewhere.
The data presented here make it clear that cationic 2-amino-4-hydroxy-5,6,7,8-tetrahydropteridine radicals with unconjugated substituents in position 6 and 7 can be generated in the presence of light and chlorophyll a. For the first time, it is proved that these radicals also exist under conditions that are of biological interest. Thus, considering the physicochemical properties of the substituted hydrogenated pteridine molecule and its cationic radical, I conclude that the participation of the pteridine redox system in the reaction center is possible as was suggested earlier (4, 5) . It seems likely that in photosystem I such a molecule of low potential transfers its electron to reduce ferredoxin concurrently with the formation of a cationic pteridine radical. However, an apparent inconsistency does exist if one tries to assign to the abovecharacterized radical the role of the primary electron acceptor.
The line shape of the epr signal of the pteridine radical is similar to signal II and not to signal I, which is believed to be due to the photoreactive center in its oxidized state. Signal I has been found to be associated with plant particles containing a high proportion of pigment complex P 700, which is part of photosystem I (15) . It was also demonstrated that the rise and decay kinetics of signal I occur in fractions of seconds, and it is assumed that the primary acceptor should follow the same fast kinetics. With respect to signal II, there are evidences that it is an intrinsic part of photosystem II (16) . Furthermore, the kinetics of the rate of formation and decay of signal II are not as fast as signal I. Thus, the similarity of the epr spectrum of the pteridine radical to signal II seems to preclude its assignment as the primary acceptor in green plants.
It is interesting to note that recently a third light-induced epr signal has been discovered in Anacysti cells (17) . The gvalue of the new signal and its peak-to-peak width are similar to signal II. It is reasonable to assume that with improved instrumentation even more light-induced signals in a system as complex as intact organisms will be detected. Therefore, as long as not all of the light-generated epr signals in green plants have been fully characterized, the possible involvement of pteridine radicals in the reaction center cannot be excluded solely on the basis of the kinetic discrepancy.
It can be concluded that cationic 5,6,7,8-tetrahydrogenated 2-amino-4-hydroxy-pteridine radicals with an unconjugated substituent in position 6 should exist under physiological conditions in plants. Based on the epr findings alone it is, however, not yet possible to state if the cationic radical functions as the primary photochemical electron acceptor or if it plays a role in subsequent biochemical steps.
